ABSTRACT Different genes have been used to evaluate the genetic divergence of closely related species or populations of insects. The taxonomic level at which speciÞc genes or nucleotide regions are useful varies across taxa. This study assesses the relative phylogenetic usefulness of a segment of a noncoding ribosomal region (ITS2) in separating populations of the parasitoid Ageniaspis citricola (Hymenoptera: Encyrtidae) from different geographic areas (Australia and Taiwan). Intra-and interindividual variations in ITS2 sequence and length have affected previous phylogenetic studies with other arthropods. To determine whether these variations would affect our phylogenetic studies, clones (2Ð3/individual) containing ITS2 polymerase chain reaction (PCR) products were sequenced from two to Þve individuals for each of the two populations. Three clones from one A. fuscicollis (a species present only in Europe) individual were used for comparison. Intra-and interindividual variations in ITS2 sequence and length were present in the three Ageniaspis populations. Intraindividual sequence variation was sometimes greater than between individuals in each Ageniaspis population. All clones isolated from a single individual were different, and no single variant was common to all wasps in any Ageniaspis population. The variation in sequence and length of the ITS2 region in Ageniaspis populations suggests that concerted evolution has not homogenized all rDNA copies within individuals. Despite the level of intraindividual variation found, the sequences of this ITS2 region were phylogenetically informative and deÞned the three populations (A. citricola Australian and Taiwanese, and A. fuscicollis). These results conÞrm previous molecular work using RAPD-PCR and Actin genes and suggest that the two populations of Ageniaspis from Australia and Taiwan are cryptic species.
DIFFERENT GENES HAVE been used to evaluate the genetic divergence of closely related arthropod species or populations (Caterino et al. 2000) . In theory, rapidly evolving genes and nucleotide regions are useful for comparisons of closely related taxa (Kocher et al. 1989 ). However, highly conserved genes also have been used successfully as molecular markers for closely related taxa. Hoy et al. (2000) compared the sequences of two highly conserved coding genes (Actin 1 and Actin 2) and showed that two Ageniaspis populations introduced into Florida from different geographic locations (Australia and Taiwan) are genetically distinct, suggesting the presence of cryptic species. The two populations of Ageniaspis were introduced into Florida beginning in 1994 as part of a classical biological control project against the citrus leafminer Phyllocnistis citrella Stainton (Hoy and Nguyen 1997) . Taxonomic specialists identiÞed the two populations as Ageniaspis citricola Logvinoskaya. However, biological and physiological differences were detected between them (Yoder and Hoy 1998, Hoy et al. 2000) . The Taiwanese population was more difÞcult to rear under laboratory and greenhouse conditions, with lower numbers of adults emerging from this colony than from the Australian one (Alvarez 2000) . Adults from the two populations have different abilities to retain water (net water loss rates), with the Taiwanese adults losing moisture more rapidly (Yoder and Hoy 1998) . This implies a greater humidity requirement by adults of the Taiwan population.
Reciprocal crosses suggest the Ageniaspis populations from Taiwan and Australia do not interbreed (Hoy et al. 2000) . However, crossing studies may present problems as a diagnostic test for species differentiation, and reproductive isolation per se sometimes does not imply species status. Neither sterility nor viability of offspring resulting from cross mating are always a useful criterion of species status (Paterson 1988) .
Ageniaspis adults of the two populations are small (0.8 Ð1.0 mm long) and morphologically similar. Morphological characters such as antennae, mandibles, and aedeagus were compared and evaluated with the use of light and scanning electron microscopy, and the Taiwan and Australian populations of Ageniaspis were indistinguishable (Alvarez 2000) . The two populations can only be distinguished using molecular methods (Hoy et al. 2000) .
The nuclear ribosomal internal transcribed spacer two (ITS2) is a noncoding rapidly evolving region and has proved useful for comparing closely related insect species, subspecies, or populations (Porter and Collins 1991 , Collins and Paskewitz 1996 , Fenton et al. 1998 , Silva et al. 1999 , Zhu and Greenstone 1999 . Differences among ITS2 regions of arthropod populations and species are often expressed as a phylogeny (Fritz et al. 1994 , Beebe et al. 1999 , Marinucci et al. 1999 .
The Þrst objective of this study was to examine the utility of the ITS2 sequences as phylogenetic markers for the two populations of Ageniaspis. We assumed a priori that if the Australian and Taiwanese populations were the same species their sequences should be placed in the same clade regardless of the kind of phylogenetic analysis conducted, whereas A. fuscicollis Dalman (a European species used as an out-group) sequences should be placed in a different clade.
There are hundreds or thousands of copies of ribosomal DNA (rDNA) genes in tandem arrays in the eukaryotic nuclear genome (Palumbi 1996) . Each array consists of regions that code for three subunit genes (18S, 5.8S, and 28S) separated by two internal transcribed spacers (ITS1 and ITS2) and an external transcribed spacer (ETS) at the 5Ј end (Hillis and Dixon 1991) . The ITS2 is easy to amplify by the PCR because there are many copies in a single individual.
Some studies using ITS sequences evaluate only the sequence of one clone per population and sometimes few clones per species, perhaps because the authors assume low intragenomic and intra-population rDNA diversity exists within a species (Fenton et al. 1994 , McLain et al. 1995 , Myllys et al. 1999 , Xu and Qu 1997 . This is based on the assumption that individual repeats of multigene families have been homogenized by a process known as concerted evolution (Zimmer et al. 1980) . Concerted evolution of the different copies of nuclear rDNA sequences within individuals and populations may be the norm for many organisms (Brown et al. 1972, Hillis and Davis 1988) .
Intragenomic variation in sequence composition of ITS2 has been shown recently in deer ticks (Rich et al. 1997) , mosquitoes (Onyabe and Conn 1999) , nematodes (Hugall et al. 1999) , and crayÞsh (Harris and Crandall 2000) . Such intragenomic variation could result in the development of erroneous phylogenies if variants within individuals and between individuals in the same population differ as much as those between populations and species (Rich et al. 1997 ). This variability also raises questions about the evolutionary time scale of concerted evolution.
Therefore, the second objective of our research was to investigate whether the level of intra-and intergenomic variation within the ITS2 region of Ageniaspis was sufÞciently great so as to affect the phylogenetic separation between the Australian and Taiwanese Ageniaspis populations.
Materials and Methods
Sources of Wasps. Laboratory colonies of insects may present a low genomic variability due to factors such as bottlenecks at the time of introduction. To avoid possible effects of low genomic variability in our Australian and Taiwanese colonies kept at the University of Florida, the A. citricola individuals used in these studies were collected in Queensland (Australia), and Taichung, Taiwan. Ageniaspis fuscicollis (a species present only in Europe) individuals were collected in Germany. Most individuals were collected in the pupal stage and shipped in 95% EtOH. Adult voucher specimens from the same collections were placed in the Division of Plant Industry (Department of Agriculture and Consumer Services, Gainesville, FL) insect collection.
DNA Extraction and Amplification. Total genomic DNA was extracted from single Ageniaspis pupae by the Pure Gene method (Minneapolis, MN) following manufacturerÕs instructions. The DNA obtained from single pupae was dried and resuspended in water and TE buffer. DNA resuspended in water was used for PCR ampliÞcation, whereas DNA in TE was stored at Ð20ЊC. PCR products were ampliÞed with the following ITS2 ribosomal primers (Porter and Collins 1991) : 5.8SF 5Ј-GTGAATTCTGTGAACTGCAGGACACAT-GAAC-3Ј and 28SR 5Ј-ATGCTTAAATTTAGGGG-GTA-3Ј. These primers anneal to highly conserved sequences in the 5.8S and 28S rDNA genes ßanking the ITS2 region.
PCR ampliÞcations were performed in a PerkinElmer DNA Thermal Cycler model 480 (The PerkinElmer, Norwalk, CT) for 35 cycles. Each cycle consisting of melting at 94ЊC for 30 s, annealing at 49ЊC for 30 s, and extension at 72ЊC for 1 min, with a Þnal extension at 72ЊC for 20 min (Saiki 1989) . PCR ampliÞcations were carried out in a volume of 25 l with 1 l of DNA extraction, 0.8 U of Taq DNA polymerase (Boehringer-Manheim Biochemicals, Indianapolis, IN), 200 M of each dNTP, 40 p.m. of each primer, 1.5 mM MgCl2, 10 mM Tris, and 50 mM KCl (Saiki 1989) . Reactions were overlaid with 50 l of mineral oil (Sigma, St. Louis, MO). To eliminate possible template secondary structure, hot-start PCR was used (heating the PCR mix at 94ЊC for 6 min before Taq was added). PCR products were separated on a 2% agarose gel, stained with ethidium bromide, and photographed under UV light.
Cloning and Sequencing. PCR products were ligated into a TOPO 2.1 vector (Invitrogen, Carlsbad, CA), and transformed into competent One Shot cells (Invitrogen), with subsequent ampicillin selection following manufacturerÕs instructions. After clones were incubated overnight in LB plates with ampicillin, IPTG and X-gal, at least 10 clear colonies were randomly picked from each plate and separately cultured for 16 h in 5 ml of Luria-Bertani (LB) medium. Plasmid DNA was extracted using a QIAGEN Plasmid Mini-prep Kit (Valencia, CA), following manufacturerÕs instructions. All products were incubated and digested with EcoRI and visualized on a 1% agarose gel to verify that the inserts correspond to the expected size of the PCR products.
Two or three clear colonies containing the plasmids with the inserts were recultured in 50 ml LB medium with ampicillin for each individual. Plasmids were extracted using QIAGEN Plasmid Midi-prep Kit (Valencia, CA). DNA inserts were sequenced on both strands using a Perkin-Elmer Applied Biosystems ABI PRISM Automated DNA sequencer located at the University of Florida Interdisciplinary Center for Biotechnology Research Core Facility. Each variant was assigned an identiÞcation code consisting of an abbreviation of the species name, population source, and number of the wasp. For example, AcA1a corresponds to the Þrst clone from the wasp no. 1 (1a), from Ageniaspis citricola (Ac) from Australia (A). (See Table 1 for number of clones/individual/population.).
Sequence Alignment and Phylogenetic Analysis. The boundaries of the ITS2 region were deÞned by comparison with previously determined hymenopteran [Pteromalidae: Trichomalopsis dubius (Ashmead), Nasonia vitripennis (Walker), and Nasonia giraulti Darling] 5.8S and 28S rDNA sequences submitted to GenBank (Campbell et al. 1993 . These boundaries were trimmed from the sequences and not used in the alignment. A completely automated alignment of all sequences using the default parameters within CLUSTAL W (Thompson et al. 1994 ) was used. Aligned sequences were then modiÞed by eye in the text editor in PAUP* (Swofford 1999) .
The resulting alignment included 723 bases and has been deposited in the European Molecular Biology Laboratory (EMBL) alignment database (ftp://ftp.ebi. ac.uk/pub/databases/embl/align/ALIGN_000213.aln).
To account for possible differences attributable to phylogenetic methods, we compared results from distance and character based methods (for a review, see Hillis et al. 1993) . Accordingly, four phylogenetic analyses were performed using both distance (unweighted pair-group method with arithmetic average and minimum evolution in conjunction with distance) and character based methods (maximum parsimony [MP] and maximum likelihood [ML] ). The unweighted pair-group method with arithmetic average tree was constructed using the MacDNASIS software program (Hitachi Software Engineering America, San Bruno, CA) by the Higgins algorithm. The minimum evolu- tion, MP, and ML trees were constructed using the heuristic search in the PAUP* 4.0 program (Swofford 1999) . The reliability of the resulting nodes was determined by 1,000 bootstrap replications for the minimum evolution and MP trees, and 100 bootstrap replications for the ML tree (Felsenstein 1985) . The minimum evolution, MP and ML ITS2 trees were rooted using the sequences of T. dubius and N. vitripennis (Hymenoptera: Pteromalidae) (GenBank accession numbers U02961 and U02959, respectively; Campbell et al. 1993 ) as the outgroup. Sequence differentiation within individuals, between individuals and between populations was assessed in pair-wise comparisons with PAUP* by uncorrected P, the proportion of nucleotide sites at which two compared sequences differ. The percentage similarity of sequences given by the unweighted pair-group method with arithmetic average tree also was considered to compare sequence differentiation.
Results

ITS2 Length Variation.
The primer pair (5.8SF and 28SR) ampliÞed the ribosomal ITS2 region from all Ageniaspis populations. The length of the 5.8S (65 bp) and 28S (24 bp) gene segments ßanking the ITS2 sequences was identical for all 20 clones from the three Ageniaspis populations, and the only variable DNA region was the ITS2.
Variability in ITS2 length was observed within and between individuals of the three Ageniaspis populations examined. Lengths ranged from 706 to 714 bp for the Þve clones examined from the Australian Ageniaspis, and from 508 to 512 bp for the 12 clones from the Taiwanese Ageniaspis (Table 1) . ITS2 sequences from the three clones from A. fuscicollis were consistently shorter (337Ð347 bp) ( Table 1) . These consistent differences in length could be used to separate the Australian and Taiwan populations without the necessity of sequencing. The ITS2 PCR product is useful for identifying colony contamination or for determining which population has established in the Þeld in this classical biological control project.
ITS2 Sequence Variation. Mean sequence divergence of ITS2 variants within and between each Ageniaspis population was estimated with PAUP* by uncorrected P, which is the proportion of nucleotide sites differing between two compared sequences. For example, the proportion of sites differing between clones pJM1 and pJM2 ϭ 1/712 ϭ 0.0014, where 1 represents the apparent number of transitions and transversions between the two sequences, 712 is the number of nucleotides aligned between the two sequences, and 0.0014 is the uncorrected P (see Table 1 for mean uncorrected P values within and between individuals and GC content). There was an identical variant (uncorrected P ϭ 0.0) present in two different individuals of the Taiwan population (clones pJM 16 and pJM 20). However, all clones obtained from a single individual were different, and no single variant was common to all wasps in any Ageniaspis population. There were 11, Þve, and three ITS2 variants of 12, Þve, and three clones evaluated in the Ageniaspis wasps from Taiwan, Australia and A. fuscicollis, respectively. Sequence divergence (uncorrected P) within wasps ranged from 0.0014 to 0.00568 in the Australian population, 0.0 to 0.0177 in the Taiwan population, and 0.0028 to 0.0176 in A. fuscicollis (data not shown). The mean GC content percentage of the Australian wasps was 40.93 (SD ϭ 0.19), whereas that of the Taiwan wasps was 46.4 (SD ϭ 0.21) ( Table 1) .
Sequence divergences between Australian individuals (0.0037) and between Taiwan individuals (0.0066) (Table 1) were Ϸ8 and 4.5 times lower than the mean sequence divergence between the two species T. dubius and N. vitripennis (0.02975) ( Table 2) . Therefore, if by chance the most divergent ITS2 sequences from an Australian and from a Taiwan individual were used for phylogenetic studies, these two individuals would still be grouped in separate clades.
The mean sequence divergence between the Australian and Taiwanese populations (0.2844) is greater than that found for two different species: T. dubius and N. vitripennis (0.02975) ( Table 2 ). Mean ITS2 sequence divergence between all populations and species compared ranged from 0.02975 between T. dubius and N. vitripennis (the two most similar species) to 0.5483 between Australian Ageniaspis and T. dubius (the two most divergent species) ( Table 2) . ITS2 Phylogenetic Analysis. Complete ITS2 sequences of the ribosomal DNA for 20 Ageniaspis clones (12 Taiwanese, Þve Australian, and three A. fuscicollis) were determined and positively conÞrmed as ITS2 with a BLAST search of GenBank. ITS2 sequences were phylogenetically informative in separating the three Ageniaspis populations and the topology of the four phylogenetic trees was similar. Because of this similarity, the maximum-likelihood consensus bootstrap tree is the only one shown here (Fig. 1) . All trees consistently show that the Australian and Taiwan individuals unambiguously cluster into separate clades and that these clades always were supported by bootstrap values of 100% for the minimum evolution, MP, and ML trees.
According to the unweighted pair-group method with arithmetic average tree, the percentage of sequence similarity in ITS2 regions within individuals of the Australian, Taiwanese, and A. fuscicollis clones were 95.0, 96.3, and 95.2, respectively. Percentage of sequence similarity in ITS2 regions between the Australian and Taiwan populations was 31.0%, which is 
Discussion
Despite the level of intraindividual variation found in this work, the sequences of the ITS2 region were phylogenetically informative and separated the three populations (A. citricola Australian and Taiwanese, and A. fuscicollis). Intraindividual sequence variation in the ITS2 regions of Ageniaspis populations from Australia and Taiwan was sometimes greater than between individuals in each population. For example, intraindividual variation for the Taiwanese A. citricola wasp number 1 (clones pJM 12, pJM 13, and pJM 31) was 0.0118, whereas the variation among all the Taiwanese wasps was 0.0066 (Table 1) . However, bootstrap values strongly supported (100%) the nodes separating three population groups for all phylogenetic analyses tested (minimum evolution, MP, and ML trees).
ITS2 sequence differences between the Australian and Taiwanese populations are much greater (100 Ð 31% or 69% difference) than those found between the two different pteromalid species (15.6%) tested in this study, which is consistent with previous conclusions that these two populations are cryptic species (Alvarez 2000, Hoy et al. 2000) . If ITS2 variants within individuals had differed as much as those between populations, we could not have supported the hypothesis that they represent cryptic species with this analysis. Such variability prevented Onyabe and Conn (1999) from conÞrming the presence of cryptic species of the mosquito Anopheles nuneztovari Gabaldon, found previously by other authors, because the ITS2 variants within individual mosquitoes from Brazil often differed as much as those between localities.
Finding a good molecular marker can be a complicated process, especially for phylogenetic studies of closely related species. Caterino et al. (2000) advocated that everyone should use a few genes and DNA regions (including the COI) for insect phylogenetics to coordinate efforts in insect molecular systematics and improve our ability to compare results across taxa. However, the hypothesis that the COI gene should be a good marker for closely related species should be evaluated carefully for each taxon. The length and sequence of the COI mitochondrial regions of all Ageniaspis tested were Ͼ99.6% similar and therefore not informative (Alvarez 2000) . The COI section thus may not be a good marker for closely related encyrtid (Hymenoptera) species.
A few recent phylogenetic analyses using ITS2 sequences consider the fact that intragenomic variation may exist, but some authors examine only one sequence from few individuals (Fenton et al. 1994 , McLain et al. 1995 , Xu and Qu 1997 . Although we examined two to three variants from several individuals from each population, this is still a very small sample of potential ITS2 sequences considering that some insects are known to have 700 copies of ribosomal DNA (Collins et al. 1989 ). Intragenomic sequence variation was sometimes greater than the variation between individuals in both the Australian and Taiwan Ageniaspis populations. This variability did not affect this phylogenetic reconstruction, but it may be possible to Þnd cases other than that of Onyabe and Conn (1999) where such intragenomic variation could affect the conclusions of a phylogenetic analysis. For unknown reasons, it was more difÞcult to clone the Australian variants than the Taiwanese variants. Therefore, it is possible that we have underestimated variability in the ITS copies of the Australian population.
Examining the genetic variability of all ITS2 copies within an individual organism could be achieved only by sequencing the entire genome. However, when inferring phylogenetic afÞliations between populations or cryptic species, we recommend examining several clones from each individual and obtaining these clones from more than two individuals from each population, so that this potential variability is considered. If this recommendation were followed, it would make phylogenetic analyses with the ITS2 region relatively more expensive than analyses with mitochondrial genes, which typically are present as one genotype within an individual, or with single copy nuclear genes, which may consist of only one or two alleles. Fig. 1 . A maximum-likelihood consensus bootstrap tree based on rDNA ITS2 sequence data of A. citricola (two populations: Taiwan and Australia) and A. fuscicollis. The tree was rooted using the sequences of Trichomalopsis dubius and Nasonia vitripennis. Numbers are bootstrap percentages (100 replications) for clades supported above the 50% level.
